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ABSTRACT
Multisource architectures enable sweeping one or more x-ray beams across the
imaging field-of-view faster than physically moving a single x-ray source and/or a detector.
Hence, these architectures are attractive for the applications in which temporal resolution
plays an important role, for example, cardiac computed tomography (CT) or real-time CT.
One of the recent developments in multisource architectures for CT imaging is stationary
CT architecture, whereby two separate stationary arrays—one for x-ray sources and one for
detectors—are utilized to sweep one or more x-ray beams along the gantry and acquire 360
degree projections. To have a stationary CT architecture and still acquire enough number of
projections for a successful CT reconstruction, an array of closely spaced and individually
addressable x-ray sources that are compact in size and are capable of producing x-ray pulses
at a high frequency is required.
This work is a part of a research continuum toward developing a compact x-ray
tube potentially to be used in the said stationary CT architecture. The central hypothesis of
the research conducted is that, a field emission (FE) based cold cathode and transmission
type anode allow the size of an x-ray tube to be reduced, and still generate a required x-ray
pulse. Specifically, this work entails the design of an electrostatic lens for electron focusing
in a compact x-ray tube and the initial experimental studies of a prototype compact x-ray
tube. Using particle-in-cell code, OOPIC PRO, electron field emission from CNT cathode
and electron focusing by three types of electrostatic lenses—Single lens, Double lens, and
Einzel lens —were simulated, compared, and studied for anode voltages of 30 kV p to
140 kV p. The first-generation prototype compact x-ray tube was developed and studied.
The initial studies conducted to understand the performance of the prototype and its control
parameters. After further optimization of size and testing, this compact x-ray tube design
holds a potential to be used in a stationaryCT architecture for improved temporal resolution.
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1. INTRODUCTION
In the past decade, there has been a significant surge in the interest in developing
new architectures for x-ray computed tomography (CT) to improve the limited temporal res-
olution of a conventional CT architecture. One of these new architectures is Stationary CT,
whereby two separate stationary arrays—one for x-ray sources and one for detectors—are
utilized to sweep one or more x-ray beams along the gantry and acquire 360◦ projections
[1]. A compact x-ray tube to be potentially used in such a stationary CT architecture is
being developed. The work presented in this dissertation is a part of this development.
I use this section as an avenue to introduce the basics of diagnostic x-ray sources and
CT, and to help the reader catch-up on the recent advancements in the relevant technology.
1.1. CONVENTIONAL X-RAY SOURCES
By the end of his career—discoverer of the x-rays, first Nobel Prize winner, and
physicist—Wilhelm Conrad Röntgen expected that his work soon would be “superseded by
that of others” and that the memory of his work would “gradually disappear” [2].
1.1.1. History. On the late evening of Friday, November 8, 1895, Röntgen first
discovered the invisible light of X-radiation while repeating Lenard’s experiments on cath-
ode rays using an evacuated glass tube and a large Rumkorff inductor. Although he was
color-blind, his eyes were extremely sensitive; sensitive enough that he noticed unexpected
light from a cardboard sheet painted with barium tetracyanoplatinate (in modern terms—a
scintillator screen). This scintillator screen was intended to visualize cathode rays and
ultraviolet light. His curiosity and well-known habit of rigorously planning his experiments
later led to the first ever published x-ray radiograph of Bertha Röntgen’s hand (Figure 1.1
on page 2).
2Figure 1.1. The first x-ray photograph. X-ray photograph of the hand of Bertha Röntgen,
made by her husband, Wilhelm Conrad Röntgen, on December 22, 1895 [2].
X-ray imaging has been a prominent part of diagnostics since the x-rays were
discovered. Within a single year of discovery of x-rays, researchers all over the globe
started contributing to improving the hardware of the x-ray sources. More than a thousand
articles were published pertaining to the x-rays within the first year of the discovery. Over
the past ∼ 120 years, the x-ray source technology has undergone noteworthy advancements
that resulted in a wide range of x-ray imaging modalities for diagnosing various ailments in
human anatomy. Some of the noteworthy advancements in forms of inventions or concepts
are as follows: Crookes tubes, two-pulse generators, heat units, Coolidge’s thermionic
electron production (in 1913), Goetze’s line focus (in 1918), rotating anode tubes (in 1929),
computed tomography (in early 1970s), spiral grove bearing tubes (in 1980s), electron beam
computed tomography (in mid 1980s), rotating frame tube (in 2003), etc [3].
3Figure 1.2. Schematic of a conventional x-ray source based on a hot cathode, a focusing
cup, and a rotating reflection type anode.
With the contributions of researchers from all over the globe, the x-ray source
technology is continually advancing to overcome the technical challenges behind applying
the x-ray imaging technology to various imaging modalities.
1.1.2. Primary Components. The primary components of a typical x-ray source
include a cathode for electron emission; an anode with a target material for accelerating the
electrons and for yielding a spectrum of bremsstrahlung x-rays; some sort of a mechanism
for focusing the electron beam to a desired focal spot size; and a vacuum envelope to ensure
an unresisted flow of electrons and low probability of damaging the cathode from oxidation.
In a conventional diagnostic x-ray source, a hot cathode emits electrons by thermionic
emission, a focusing cup focuses the electron beam to a desired focal spot size, a reflective
type anode generates an x-ray beam in a direction that is orthogonal to the direction of an
electron beam direction, and a pinched glass tube provides the required vacuum (Figure 1.2
on page 3).
A hot cathode that emits electrons by thermionic emission is typically an isolated
coil of tungsten wire of about quarter millimeter in diameter (Figure 2.9 on page 28). The
experts in the field of radiation imaging hardware often refer to such a hot cathode as a
filament. Such hot cathode is heated by an electric “heating current” of several amperes (a
4typical hot cathode used inmedical imaging reaches about∼ 2200◦ when∼ 5 A is supplied).
In a conventional x-ray source, an electron beam emitted by a hot cathode typically has a
rectangular cross-section1. This electron beam is diverging in nature. Therefore, in order
to have a beam cross-section of the desired size at the anode, the electron beam is focused
using a focusing cup. An anode with a target material is kept at a higher potential than the
cathode for the electrons to accelerate toward the target (30 kV − 140 kV for diagnostic
x-ray sources). When this focused beam of high energy electrons strike the target, x-rays are
generated by bremsstrahlung interactions. The small spot where the x-rays are generated is
referred to as the focal spot size (FSS). The cross section of the electron beam at the anode
is still rectangular in shape1. But, because of the geometry of a reflective type anode, the
rectangular electron beam hitting the target on the anode with an anode angle of 15◦ still
gives the desired focal spot size in a form of a projected area (Figure 2.5 on page 25).
X-ray generation by bremsstrahlung interactions is a highly inefficient process. More
than 99% of the electron energy is deposited in the anode in a form of heat, the remaining
1% is what yields to a spectrum of bremsstrahlung x-rays. Dissipating this heat from the
anode to a heat sink is one of the biggest challenges in x-ray technology [3]. Using rotating
anodes or rotating frames, the current x-ray tubes provide the x-ray beams with a wide
range of quality (measured by peak kilovoltage kV p, which refers to the maximum photon
energy generated) and quantity (measured by milliamprage-seconds mAs, which refers to
the quantity of photon energy produced). There exist over 500 different x-ray tube types,
which cater to different x-ray imaging modalities and are currently on the market [3].
1Practically, this cross-sectional area is some where between a rectangle and an ellipse, because main-
taining a perfectly rectangular electron beam cross-section is almost impossible.
51.2. CARDIAC COMPUTED TOMOGRAPHY
Cardiovascular disease (CVD) is the leading cause of (natural) death in human
beings, accounting for ∼ 20 million deaths per year globally. Therefore, CVD is a critical
research topic in the field of healthcare. Cardiac computed tomography (cardiac CT ) is the
prominent of the modes of diagnosis for CVD. CT is a three dimensional (3D) modality of
x-ray imaging, in which one or more pairs of x-ray sources and detectors are rotated around
the patient to acquire a number of projections at different degrees (Figure 1.3 on page 6).
These 2D projections are then used for reconstructing the 3D volume of the patient in a form
of number of slices. Therefore, the speed of imaging and patient dose is primarily governed
by the speed of the rotation. The respiratory motion of a beating heart makes the speed
of imaging critical in cardiac CT. The cardiac CT systems currently being used in medial
practice are built with a conventional CT architecture. The conventional CT architecture
imposes limitations on improving the speed of cardiac CT imaging, which causes artifacts
in CT images for patients with irregular heart rates, as is detailed in the further subsections.
1.2.1. Conventional CT Architecture. Conventional CT architecture entails a ro-
tation gantry around the patient2. This gantry is the backbone of the conventional CT
architecture. The rotation gantry typically contains the x-ray tube, detector, high-voltage
generator, tube-cooling system, beam collimator/s, slip ring, and other auxiliary compo-
nents (Figure 1.4 on page 7). A beam from the x-ray tube is collimated to form either a
fan beam or a cone beam toward the detector with a help of a collimator (see Figure 1.5
for fan beam on page 7 and Figure 1.3 for cone beam on page 6). With such configuration,
the gantry rotates around the patient to acquire multiple projections (∼ 1000 for medical
imaging) over 180◦ or 360◦. The collected projections are fed to a CT reconstruction al-
gorithm to reconstruct a 3D volume in a form of multiple slices. Feldkamp-Davis-Kress
2There are so-called five generations of CT scanners. They are described in detail in [4]. Out of these
generations, currently, the third generation scanners are widely implemented in medical practice. Therefore,
the conventional CT architecture described in this dissertation refers to the architecture of the third generation
scanners.
6Figure 1.3. Schematic of a conventional CT architecture. A conventional CT architecture
with one x-ray source and one detector to form a cone beam.
(FDK) and variants based on it are widely being used currently in medical practice [4]. But,
iterative algorithms based on compressed sensing are gaining popularity, because they can
reconstruct with limited number of projections [5, 6, 7, 8, 9].
1.3. CHALLENGES IN CARDIAC CT
The efficacy of a cardiac CT system is commonly measured by its ability to deliver
image detail in the smallest “window” of time. The image detail refers to the spacial
resolution of the system, while the smallest “window” of time is expressed as the temporal
resolution. In the human anatomy, the heart is the fastest moving organ. Imaging it using
x-ray CT is challenging, because the respiratory motion of the heart is faster than the current
gantry rotation speeds. The current standard in gantry rotation time is ∼ 300 msec, and the
human heart beats with a speed in a range of 48 − 126 beats per min [10]. Therefore, in
7Figure 1.4. Photograph of a typical gantry of a conventional CT. A typical gantry of
conventional CT system with covers removed (photograph of GE Light Speed VCT®) [3].
Figure 1.5. Schematic of typical gantry components for a conventional fan beam CT.
An isotropic view with a left perspective (left) shows the wideness of the fan beam, and a
sectional of an isotropic view with a right perspective (right) shows the narrow cross section
of the fan beam [3].
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Figure 1.6. Examples of artifacts in cardiac CT imaging [11]. (a) Examples of artifacts
occurring because of the respiratory motion: (left arrow) discontinuity of the sternum and
anterior chest wall, and (right arrow) discontinuity of the left atrium. (b) Typical stair-step
artifact because of respiratory motion. (c) Example demonstrating (thick arrows) cardiac
gating artifact and (thin arrow) respiratory motion artifacts.
cardiac CT, limited gantry rotation speeds cause various artifacts (Figure 1.6 on page 8).
Further challenging conditions are imposed in a case of imaging the patients with irregular
heart rates, for example, arrhythmia patients3.
The components of a rotation gantryweighwell over 1000 pounds. The gravitational
forces acting on the gantry components reach ∼ 30 g when the gantry rotation time is
∼ 300 msec (Figure 1.7 on page 9) [4]. In addition, the rotation of the gantry demands
angular and position accuracy. Angular accuracy requires the gantry to rotate at highly
constant speeds and the position accuracy requires the gantry to be free of significant
vibrations in all directions. Considering a typical factor of safety in medical imaging is 8,
the current mechanical limits and materials do not allow further reduction in gantry rotation
times for the conventional CT architectures. Therefore, ways other than decreasing gantry
rotation time are needed to increase the speed of imaging. In other words, alternative ways to
improve the temporal resolution of a cardiac CT system are needed. Researchers have tried
to improve the temporal resolution for cardiac CT by furthering research on conventional
CT architectures and by introducing new CT architectures [1, 5, 12, 13, 14, 15, 16, 17].
3About 10% of the total total patients undergoing cardiac CT have arrhythmia [5].
9Figure 1.7. Effect of rotation frequency on the centrifugal force acting on an object inside
the rotation gantry. The object is 0.7 m from the center of rotation [4].
1.3.1. ImprovingConventionalCTArchitectures. There are twomajor approaches
involved in improving the temporal resolution of aCT systemwith conventional architecture:
dual-source CT and cardiac gating.
In a dual-source CT (also known as dual-beam CT), the temporal resolution is
improved by using two pairs of x-ray sources and detectors in a rotation gantry of a
conventional CT system. Typically, one of the two beams has a standard full field-of-
view (FOV) while the second beam has narrower FOV that is sufficient to cover the heart
(Figure 1.8 on page 10). With this approach, the temporal resolution as low as a quarter
of the gantry rotation time can be achieved [18]. That is, for a gantry rotation time of
330 msec, the temporal resolution of 82.5 msec can be achieved [17]. In addition, this
temporal resolution is independent of patient’s heart rate, which is favorable for arrhythmia
patients. But, by adding additional source and component it requires, the rotation gantry
becomes heavier. This makes the design of the gantry complicated if a gantry rotation time
of around 330 msec is desired. Researchers have also proposed triple-source CT systems
where three x-ray sources and detectors are present in a same gantry [17].
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Figure 1.8. Schematic of a dual-source CT system using two x-ray tubes and two detectors.
The two beams have angular offet of 90◦. The beam corresponding to Detector A covers
the entire FOV. On the other hand, the beam corresponding to Detector B is restricted to a
smaller FOV [18].
Another approach for improving the temporal resolution of a cardiac CT based on
conventional CT architecture is cardiac gating. There are two techniques for cardiac gating
that are typically used: prospective ECG (electrocardiogram) triggering and retrospective
ECG gating [12]. In prospective ECG triggering, the ECG signal is used to control the
scanning, that is, X-rays are generated and projection data are acquired only during cardiac
diastole4. The start of the diastolic phase of the cardiac cycle is estimated from the prior
three to seven heartbeats [12]. On the other hand, in retrospective ECGgating, CT projection
data and ECG signal are recorded simultaneously. Using sorting algorithms, the data are
sorted for different phases of the cardiac cycle. By using either of these techniques, temporal
resolutions as low as ∼ 125 msec can be achieved. The two techniques differ when it comes
to total scan time and patient dose. Detailed discussion about cardiac gating can be found
in [12].
4Diastole is the most stable phase of the cardiac cycle.
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Both dual-source CT approach and cardiac gating approach can be used together.
By using retrospective ECG gating in a dual-source CT system, temporal resolutions as low
as∼ 75msec can be achieved [5, 12, 17, 18]. But, temporal resolution < 50msec is desired
for cardiac CT imaging of patients with arrhythmia, therefore, researchers have introduced
new CT architectures where the number of components rotating inside the rotation gantry
is reduced or eliminated [1, 17].
1.3.2. New CT Architectures. X-rays are generated in the x-ray sources used in
a conventional CT architecture from a single "focal spot”, which refers to the small area
on the metallic target where x-rays are produced by an incident electron beam. This x-ray
source with a single focal spot is rotated around the patient as a part of rotation gantry
(Figure 1.3 for cone beam on page 6). As discussed earlier, multiple researchers have
proposed new CT architectures that are aimed toward increasing the temporal resolution.
Two of the recently proposed CT architectures are semi-stationary CT and stationary CT,
whereby (respectively) the number of gantry components that are rotated mechanically is
either reduced or the mechanical rotation is eliminated completely.
1.3.2.1. Semi-stationary CT architecture. In a semi-stationary CT architecture,
some of the components are taken out of the rotation gantry and they are made part of
the stationary gantry. By removing certain components of a rotation gantry, the gantry
rotation times can be reduced, hence the temporal resolution can be improved. Multiple
configurations exist based on which components are “stationarized”, how many beams are
used, and how the stationary gantry components arranged. A configuration with a stationary
circular array of x-ray sources which are activated by one or more sets of detectors rotating
to acquire 360◦ projections or half-scan projections is studied by multiple researchers (for
example, Figure 1.9 on page 12) [1, 16, 17, 19]. Expected temporal resolutions as low as
50msec for short scan (i.e. 180◦ + fan angle) were reported for STationary-source Rotatory-
detector Interior CT (STRICT) systemwith a gantry rotation time of 300msec [20]. Another
system/configuration with this architecture, a ring-source dual rotating detector (OSDRD-
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Figure 1.9. Schematic of a ring-source dual rotating detector CT system (an example of a
semi-stationary CT architecture) [17].
the “O” stands for “Ring”), is estimated to have a temporal resolution of ∼ 37.5 msec with
a gantry rotation time of 150 msec (Figure 1.9 on page 12) [17]. Although, such improved
temporal resolutions are proposed, a semi-stationary CT system still involves some rotating
parts and a limitation of reducing the gantry rotation time below 150 msec. Therefore, it
lacks potential if one aims to achieve real-time CT of a human heart.
1.3.2.2. Stationary CT architecture. A stationary CT architecture has enough x-
ray sources distributed around the patient that the mechanical rotation of the gantry can
completely be eliminated by electronically triggering the x-ray sources to sweep one or more
x-rays beams around the patient (Figure 1.10 on page 13). With a stationary CT architecture,
the sweep rotation time (time required to sweep one x-ray focal spot around the patient) can
significantly be reduced. If enough x-ray sources are distributed along the stationary gantry
(see Section 1.3.2.3), a fully-stationary CT system could achieve temporal resolutions as
low as 50 msec while doing the complete 360◦ scan [1, 17]. For such an architecture,
the time required to sweep one x-ray beam around the patient is limited by how fast the




Figure 1.10. Schematics of configurations of stationary CT architecture. (a) single-source
configuration, (b) dual-source configuration, and (c) triple-source configuration.
Many configurations of stationary CT architecture have been proposed [1, 16, 19, 21, 22].
Although, stationary CT architecture is still being studied for image quality and feasibility,
I think, this architecture is the best-bet to attain real-time cardiac CT.
1.3.2.3. X-ray source for stationary CT. In order to accurately reconstruct the
3D volume, a stationary CT system is required to have “enough” number of x-ray sources
distributed along the stationary gantry, because the number of projections acquired for
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Table 1.1. Values of the typical technique factors and other requirements of an x-ray source
for cardiac CT imaging [10, 20].
Technique Factors & other
requirements
Range of values
Peak kilovoltage (kV p) 120- 140
Milliamperage-second (mAs) 200- 800
Focal spot size (mm) 0.8- 1.4
this architecture is dependent on the number of x-ray sources available. This “enough”
number of x-ray sources is heavily dependent on the application or the organ being imaged.
Researchers working on state-of-the-art iterative CT reconstruction algorithms based on
compressed-sensing have reported successful reconstruction for medical CT with 120−180
projections [7]. A typical gantry has a diameter of ∼ 160 cm, therefore in order to fit
120 − 180 x-ray sources along the gantry circumference, each source has to be compact
in size. Each x-ray source should be able to produce x-ray pulses with enough energy
and current required for cardiac CT applications (Table 1.1). Each x-ray source should
be individually addressable and fast in response. If the sweep rotation time of 100 msec
is desired and 200 sources are distributed along the gantry, then each source should be
able to generate an x-ray pulse that is 0.5 msec long. In a similar way, if 200 sources are
distributed along a gantry of size ∼ 160 cm, then each source should be able to fit in a space
of ∼ 2.5 cm at the circumference of the gantry. In order to fit more x-ray sources, the source
array diameter can be increased (but the detector array diameter must be decreased to be
able to maintain the same milliamperage-seconds (mAs) (Figure 1.11 on page 15).
1.4. ABOUT THIS RESEARCH
The long-term-goal for this research is to design and develop a stationary CT system
for real-time cardiac imaging. The biggest challenge in designing a stationary CT system
is to design a stationary array with enough number of x-ray sources (as a conservative
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Figure 1.11. Schematic of a stationary CT architecture with a configuration where the
diameter of an x-ray source array is larger than detector array diameter.
estimate- 200 − 400) and with each x-ray source being able to generate x-ray pulses at a
high-frequency (about 500 kHz). A compact x-ray tube that fits to these requirements is
being developed. Themain objective of the work presented in this dissertation was to design
and develop a prototype compact x-ray tube with a field emission (FE) electron source, a
transmission type anode, and an electrostatic electron focusing lens.
1.4.1. Scope of Research. In this dissertation, I discuss the basic design of the first-
generation prototype compact x-ray tube; the particle-in-cell (PIC) simulations conducted
to identify the governing parameters that most affect the focal spot size of x-ray generation;
and measurements of the electron beam current, x-ray energy spectra, and x-ray focal spot
size of the prototype.
In the multivariable simulation study conducted with PIC technique, multiple vari-
ables that affect the focal spot size were studied to design an electrostatic lens for prototype
compact x-ray tube. Three modes of electrostatic lenses—Single lens, Double lens, and
Einzel lens—were compared as a part of this simulation study. The parameters that most
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affect the focal spot size were identified for building the prototype. The scope of this study
was limited only to studying the lens related variables with an exception of anode voltage.
Other parameters that are not related to electrostatic lens and might or might not affect the
focal spot size are out of the scope of the work presented (parameters such as: field emitter
area, extraction grid dimensions, electron emission current, anode to lens distance, etc.).
Experimental studies of the first-generation prototype compact x-ray tube were
conducted to understand its performance and to test the controlling parameters of the
prototype. The electron field emission current was measured as a function of its control
parameter- extraction grid voltage. The x-ray energy spectra were measured for different
anode voltages to understand the quality of the x-ray beam from a transmission type anode
and to verify the control on maximum and average photon energies generated from the
prototype. Similarly, the x-ray focal spot size was measured, and the ability to control
the focal spot size with the lens potential was confirmed. The scope of this study did not
include testing the prototype for its limits and requirements, such as, the ability to operate
with technique factors of cardiac CT, the maximum power rating, the reliability of the
prototype, etc. Studying these limits is a part of the future work in the research continuum
for the development of a compact x-ray tube for real-time cardiac stationary CT system.
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2. COMPACT X-RAY TUBE
A compact x-ray tube comprising field emission (FE) based electron source and a
transmission type anode is being developed to potentially be used in a stationary CT archi-
tecture. Sections 1.3.2.2 and 1.3.2.3 describe the reasons behind the required compactness
and the technical requirements from an x-ray source for potentially be used in a stationary
CT architecture. In this section, I discuss the basic design of a compact x-ray tube we are
developing and the underlying rationale for the choice of materials.
2.1. ELECTRON SOURCE
Hot cathode based on thermionic emission does not offer a favorable choice as an
electron source for a compact x-ray tube to be used in a stationary CT architecture. One
of the requirements for an x-ray source to be used in a stationary CT system is to be able
to produce x-ray pulses with a high-frequency (about 500 kHz) (see Section 1.3.2.3). In
principle, x-ray sources comprising hot cathodes can produce x-ray pulses of few kilohertz
frequency using a technique called “grid-switching", as is done in x-ray sources for flu-
oroscopy application, for example, Toshiba ROTANODETM E7902X (see Figure 2.1 for
grid switching technique on page 18) [3]. It is important to note that, the electric “heating
current” has to be supplied to the hot cathode even when the x-ray source is in the off-period
of its duty cycle if a grid switching technique is used. In the case of an x-ray source array for
stationary CT, about 200− 400 x-rays source are to be triggered individually in a very short
time. If hot cathodes are to be implemented, the electric “heating current” has to be supplied
to all the hot cathodes in the array (even to the sources that are not to being triggered) at
all times during the of operation. Therefore, x-ray source arrays implementing hot cathode
based x-ray sources consume more power than if typical cold cathodes were used. Some of
the alternatives to conventional hot cathodes are discussed in further sections.
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2.1.1. Alternatives to Tungsten Filament Hot Cathodes. As mentioned previ-
ously, a tungsten filament is heated to high temperature (∼ 2200◦) by an electric “heating
current” of several amperes. The heating is done such that the electrons from the tail of
Figure 2.1. Grid switching technique. Simulation model showing electron trajectories in
a conventional x-ray source comprising a hot cathode, a focusing cup, and an anode. The
focusing cup can be used as switch for the electron beam by controlling its potential. In (a),
the focusing cup and the hot cathode are at the same potential. The 0 V equipotential line
(shown with the color navy blue) is on the surface of the focusing cup. Electrons emitted
from almost entire external surface of the hot cathode can escape and accelerate toward the
anode. In (b), the focusing cup is at negative potential with respect to the hot cathode, this
causes the 0 V equipotential line to intersect with the with the sides of the hot cathode.
Therefore, the electrons emitted only from the top surface of the hot cathode can escape and
accelerate toward the anode. If the focusing cup is brought to further negative potentials
with respect to the hot cathode, as shown in (c), the 0 V equipotential line encompases the
entire surface of the hot cathode. This causes all starting electrons to experience a repelling
electric field and emission can be suppressed. Therefore, a pulsed operation can be attained
[3].
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Figure 2.2. Scheme for electron emissions by thermionic, Schottky, photoinduced, and
Fowler-Nordheim mechanisms [3].
the energy distribution gain enough energy to overcome the energetic barrier that detains
the electrons to filament surface [3]. This barrier is referred to as the work function barrier
(Figure 2.2 on page 19). Without overcoming this work function barrier, the electrons
remain confined very closely to the emitter material. The current densities for thermionic
emission of electrons observed in hot cathodes is given by Richardson-Laue-Dushman
equation [23]. Based on the mechanism employed to overcome the work function barrier,
there are a number of electron emission mechanisms to be considered. This subsection
discusses some of potential alternatives.
2.1.1.1. Photoinduced emission. Using an external photon energy source, such as
a laser (light amplification by stimulated emission of radiation) beam, electrons are excited
to overcome the work function barrier and achieve photo electron emission (Figure 2.2 on
page 19). Researchers working with photoinduced emission use Fowler-Dubridge model to
estimate electron emission current densities from photoinduced emission [23].
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2.1.1.2. Schottky emission. In Schottky emission, the effective work function is
reduced by tenths of an electron volt to enhance the electron emission by quantum me-
chanical tunneling, and the emitter is heated to emit thermal electrons (Figure 2.2 on
page 19). This is done by heating a sharp tungsten tip to about ∼ 1800◦ and applying an
high electric field to the emitter surface. The current denisities can be estimated using
Richardson-Laue-Dushman equation [3].
2.1.1.3. Field emission. Strong enhancement of the local electric field or small
work functions results in quantummechanical tunneling of electrons (Figure 2.2 on page 19).
Electron emission with this effect is referred to as field emission (FE). In most cases, FE
follows Fowler-Nordheim model [23]. Because there is no heating of the emitter material,
cathodes based on FE are generally referred to as cold cathodes. Our central hypothesis and
its rationale underlying the selection of FE-based cold cathodes for designing a compact
x-ray tube is detailed in the next subsection 2.1.2.
2.1.2. Field EmissionBasedColdCathodes. Field emission (FE) based cold cath-
odes or field emitters work on the principle of quantum mechanical tunneling of electrons
frommetal into vacuum under local field enhancement by a high electric fields. FE was first
observed in conventional x-ray tubes while investigating the causes of vacuum discharges
and high-voltage instabilities [3, 24, 25]. Even though initially FE was a major source of
inconvenience, researchers later realized the potential of FE as an electron source. Elec-
tron field emission is being modeled for simulation based on Fowler-Nordheim theory by
multiple researchers and successfully validated [26, 27, 28, 29, 30].
Based on FE, two major categories of cold cathodes exist: Spindt cathodes and
carbon nanotube (CNT) or graphene emitters.
2.1.2.1. Spindt cathodes. Spindt cathodes involve an array of micrometer-sized
molybdenum cones integrated in a chromium-gated dielectric silicon oxide electrode struc-
ture. By applying a potential of few hundred volts at the gate, a high electric field is
generated at the tip across the dielectric (Figure 2.3 on page 21) [31]. This causes electron
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(a) (b)
Figure 2.3. FE scanning electron micrographs (FESEMs) of Spindt emitters. (a) Top view
FESEM. (b) Cross-sectional FESEM [31].
field emission from the these tips. Individual emitters comprise of a nickel post (∼ 4 µm
tall) and a molybdenum cone on the top (∼ 1 µm in radius). Although, currents from
individual tips are miniscual (∼ 4 µA), an array can be fabricated to be densely packed to
attain higher currents [31]. Spindt cathodes have not found their way to diagnostic x-ray
sources yet.
2.1.2.2. Carbon nanotubes (CNTs) as field emitters. Carbon nanotubes (CNTs)
are one of the most promising materials for field emission application, especially for high-
current applications such as x-ray sources, because of their high aspect ratios, small di-
ameters, high conductivities, and quick response to external electric fields [32, 33]. The
emission current densities of CNT-based cold cathodes are similar to current denisities of
hot cathodes [33]. Carbon nanotubes (CNTs) have proved to be reliable field emitters for
flat-panel displays and x-ray sources (Figure 2.4 on page 22) [26, 27, 28, 33, 34, 35, 36].
The electron extraction voltage needed to generate the strong electric field at the
surface of the CNTs is provided by a gate that can be either integrated with the cathode
electrode or not. CNT-based electron sources that employ integrated gates require lower
extraction voltages (hundreds of volts), because the distances between the cathode and the
gate are commonly kept short (few microns). Unfortunately, these integrated gates may
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(a) (b)
Figure 2.4. Scanning electron micrographs (SEMs) of CNT emitters. (a) Aligned CNTs
[32]. (b) Randomly oriented CNTs [33].
lead to leakage currents or electrical breakdowns between the cathode and the gate at high
currents [37]. Non-integral gates (usually referred to as grids) when paired with a cold
cathode, lead to higher emission currents with minimal probability of electric breakdowns,
but require higher extraction voltages (few kilovolts) because of the longer distances
between the emitter and the grid [36]. CNT-based cold cathodes with a non-integral electron
extraction grids are proved to be reliable and moderately robust [27, 32, 36]. Usually, these
electron sources are operated in a triode structure, where a cathode, an electron extraction
grid, and an anode are the three electrodes. As the cathode emits electrons, the electron
extraction grid acts as a switch to turn on or off the electron emission, and an anode at
a higher potential provides the electric field needed to accelerate the electrons. As they
respond quickly to the electric field from the extraction grid, they can provide the electron
pulses at high-frequencies, as per the requirements listed previously (see Section 1.3.2.3
and introduction of this section). CNT-based cold cathodes, to be used as electron sources
in triode structures, are available commercially. CNT-based cold cathodes have been
implemented in diagnostic x-ray sources [3].
Therefore, the rationale of choosing CNT-based cold cathode as the electron source
for a compact x-ray tube over conventional hot cathode is the following:
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• Cold cathodes solely rely on the high potential applied to the extraction grid for
electron emission current and for turning the electron emission on and off at high-
frequencies. On the other hand, hot cathodes use grid switching (Figure 2.1 on
page 18) for turning the electron beam on and off at high frequencies and use electric
“heating current” for controlling the electron emission currents.
– Therefore, cold cathodes can easily be operated as a pulsed electron source,
compared to hot cathodes.
– And, when 200 − 400 x-ray sources are to be operated in stationary CT as
described in Section 1.3.2.2, CNT-based cold cathodes lead to less power con-
sumption than hot cathodes.
• Cold cathodes can be fabricated to compact structures using micro-fabrication tech-
niques to reduce the overall size of the x-ray source.
2.2. ANODE, TARGET MATERIAL, AND FILTER
As described in Section 1.1, an anode is kept at higher potential in a typical x-ray
source to accelerate the electrons; and a target material is either attached to or deposited
on the anode to yield a spectrum of bremsstrahlung x-rays. Generally in medical imaging,
lower energies of this bremsstrahlung x-ray spectrum are filtered out to reduce the patient
dose.
2.2.1. Anode Type. In a reflection type anode, the axis of an incident electron
beam and the axis of an x-ray beam are orthogonal to each other (Figure 2.5 on page 25).
Reflection type anode was defined based on Goetze’s invention of line focusing. His patent
showed, a much smaller projected focal spot size (FSS) can be achieved, by reducing the
anode angle1 (Figure 2.5 on page 25). The geometry of reflective type anode is advantageous
1Anode angle is the angle that the anode surface makes with respect to the central beam (Figure 2.5 on
page 25).
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when it comes to the thermal issues, because the electrons deposit their energy in an actual
physical FSS (usually referred to as electronic FSS) which is larger than the projected FSS
(Figure 2.5 on page 25). Typically, the electronic FSS is five to ten times larger than
the projected FSS. Because the axis of an electron beam and the axis of an x-ray beam are
orthogonal to each other, the geometry of a reflection type anode is not favorable for making
the x-ray source smaller and for arranging 200 − 400 sources along the gantry to build a
stationary CT system. In addition, reflection type anode can lead to one more issue. The
projected FSS of a reflection type anode is heavily dependent on where the focal spot is
projected. In a stationary CT system, the detector array will be placed offset to the source
array, therefore, the projection of the physical FSS will taken at offset distances (Figure 2.6
on page 26). This will cause significantly large penumbra and loss of spatial resolution
(Figure 2.8 on page 27).
Transmission Type Anode. These issues regarding the use of reflection type anode in
a stationary CT system can be alleviated by using a transmission type anode (Figure 2.13 on
page 32). Transmission type anode allows a beamgeometry that is favorable for compactness
and to be used in a stationary CT system, because the x-rays generated by the transmission
type anode have a slight bias along the electron beam axis. Using this geometry, one can
simplify the design of an x-ray source array for a stationary CT system. Also, the focal spot
of transmission type anode will be (almost) similar in size and shape along the x-ray beam.
Therefore, transmission type anode was chosen as a type of anode for designing a compact
x-ray tube.
2.2.2. Target Material. Tungsten is the most commonly used target material in
diagnostic x-ray sources. Rhodium and molybdenum are two of the other possible target
materials that are usually implemented for low energy x-ray imaging [38]. Previously
conducted Monte Carlo simulations on transmission type anode showed the tungsten to
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Figure 2.5. Schematic of a reflection type anode and projected focal spot size (FSS).
give higher x-ray output intensity for anode voltages ranging between 40 kV p and 100 kV p,
when compared with rhodium and molybdenum [38]. Therefore, we chose the conventional
tungsten as the target material for our design of a compact x-ray tube.
2.2.3. X-ray Filter. Aluminum and copper are two of the most commonly used
metals for x-ray filtration. The thickness of the filter determines how much of the photon
energy is filtered. The filtration is quantified by measuring the change in the average
photon energy emitted (Figure 2.7 on page 27). In a conventional diagnostic x-ray source,
a reflective type anode made from copper, a tungsten target, and an aluminum filter are
commonly used. Simulations previously conducted on transmission type anode showed
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(a) (b)
Figure 2.6. Issue of changing focal spot size and shape for reflection type anode if used in
stationary CT system. (a) Schematic front and side views of a stationary CT system. Side
shows the offset between the x-ray source array and the detector array. (b) The size and
shape of the focal spot changes as a function of x and y position (axis of the electron beam
is along the x-axis and axis of the x-ray beam is along the z-axis) [3].
that transmission type anode with tungsten as a target material and aluminum as a filter
yields photon spectra that are similar in shape to the spectra from conventional diagnostic
x-rays sources with aluminum filters [38]. Therefore, aluminum as a filter was chosen.
In our design of a transmission type anode, a thin tungsten film is sputtered over
aluminum, such that tungsten acts the target material and aluminum acts as a x-ray filter,
substrate, and a heat conductor. This design is described further in Section 2.4.
2.3. ELECTRON FOCUSING
Electron beams, no matter if they are emitted from either hot cathodes or cold
cathodes, are diverging in nature and required to be focused to a small area on the target to
give a small focal spot size (FSS) of x-ray generation. Without having a small focal spot,
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No Al filter 1 mm Al filter
Figure 2.7. Typical photon energy spectrum from a conventional x-ray source with a
reflective type anode. Spectrum calculated using SpekCalc for 30 kV p with no aluminum
filtration and 1 mm aluminum filtration [39].
Figure 2.8. Illustration showing focal spot and penumbra it casts.
spatial resolution of an image is lost because of a penumbra (Figure 2.8 on page 27). In
order to be able to resolve small coronary arteries with calcified or noncalcified plaques of
a human heart, a FSS ≤ 1 mm is required for cardiac CT applications [5].
2.3.1. Focusing Cups and Magnets. In conventional diagnostic x-ray sources,
focusing cups are used to focus the diverging electron beam (Figure 2.9 on page 28).
Focusing cup is a good mechanism for line focusing, which is done in a conventional x-ray
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Figure 2.9. Photograph of a dual-emitter cathode (two tungsten filaments/coils) surrounded
by a focusing cup [3].
source with reflection type anode. Although, a similar mechanism can be tailored to a
circular emitter area, a focusing cup increases the dimension of an x-ray source in the
radial direction, because a focusing cup is placed radially next to the electron emitter to
surround the emitter and achieve the focusing [3]. For a stationary CT architecture, the
radial dimension of an individual x-ray source is critical, as it decides the total number of
sources that can fit along the gantry (200−400 sources). In addition, focusing cups increase
the space charge limitations and lead an oscillatory electron beam [3]. Therefore, a focusing
cup is not a favorable focusing mechanism for our design of a compact x-ray source for a
stationary CT.
Advanced diagnostic x-ray source use quadrupole and dipole magnets for focus-
ing the electrons (Figure 2.10 on page 29). Although, this mechanism is efficient, the
quadrupoles and dipoles are bulky in size and increase the x-ray source dimension in the
radial direction significantly. Therefore, quadruples and dipoles can not be used in our
design of a compact x-ray source for a stationary CT system.
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Figure 2.10. Simulated electron trajectories of an electron beam focused by two quadrupole
and two dipole magnets in an advanced x-ray tube for CT [3].
2.3.2. Electrostatic Lenses. Compared to the focusing cups and magnets, elec-
trostatic lenses offer a focusing mechanism that is favorable for compactness. Electro-
static lenses are widely used for extraction, focusing, and first acceleration of electron and
ion beams. They are most commonly used in low energy electrostatic accelerators like
Cockcroft-Walton and Van de Graff accelerators [40].
One of the most common electrostatic lens is the electrostatic aperture type lens.
An aperture lens consists of a small circular hole, axicentered to the electron beam, in a
conducting metal plate such that the lens separates two regions with different longitudinal
electric fields (Figure 2.11 on page 30). An electron beam passing through the aperture
undergoes focusing due to the change in the voltage gradient. The focal length of an aperture
type lens can be changed by changing the lens aperture, thickness, lens potential, and lens
location. Depending on the electric fields, electrons usually accelerate or decelerate when
an aperture lens is used for focusing. A detailed theory of estimating the focal length of an
aperture lens is given in [40].
Another type of electrostatic lenses is electrostatic immersion type lens. Immersion
lens consists of two tubes at different potentials separated by a gap (Figure 2.12 on page 30).
In contrast to the aperture lens, the focusing action of the immersion lens arises from
changes in the electron velocity along the axis of the lens and the radial component of an
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(a) (b)
Figure 2.11. Scheme of an electrostatic aperture lens separating two regions with longitudi-
nal electric fields of E1 and E2. Geometry, (a) showing electric field lines and (b) showing
equipotential lines [41].
Figure 2.12. Scheme of an electrostatic immersion lens: geometry and electric field lines.
[41].
electron trajectory, in the gap region. Depending on whether an accelerating or decelerating
field is applied across the gap, the electrons are either focused or defocused. The focal
length of an immersion type lens can be changed by changing the lens aperture, thickness,
gap distance, potential difference between the two electrodes, and lens location. A detailed
theory on immersion type lenses can be found in [41].
A variant of an electrostatic immersion type lens is the so-called Einzel lens [40]. It
is very commonly used in low energy electron guns. A typical Einzel lens consists of three
collinear tubes of equal lengths and equal inner diameters, with the middle tube elevated
to a high potential (for example, see Figure 3.1c on page 40) [41]. There are a number of
configurations possible for Einzel lens that are axially and radially symmetric or axially and
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radially asymmetric [42]. Focal length for Einzel lens can be varied by changing the lens
configuration, aperture, thickness, electrode gaps, lens potential, and its location between
the cathode and the anode [40].
These electrostatic lenses pose a favorable choice as a focusing mechanism for our
design of a compact x-ray tube, because they can be designed and fabricated such that they
do not increase the x-ray source size in the radial direction. Also, their electrostatic nature
gives a reliable and fast control on the focal spot size. Therefore, electrostatic lenses became
our electron focusing mechanism of choice.
2.4. FIRST-GENERATION PROTOTYPE COMPACT X-RAY TUBE
The first-generation prototype compact x-ray tube was designed to include the
following primary components: a commercially available CNT-based cold cathode, a trans-
mission type anode, and an electrostatic focusing lens. These primary components were
designed to house inside a borosilicate glass tube (Figure 2.132 on page 32).
2.4.1. CNT-Based Electron Source. For developing the first-generation prototype
compact x-ray tube, a CNT Triode Cathode (ATC-CC series) was acquired from HeatWave
Labs, Inc. (Figure 2.14 on page 32) [43]. This electron source consists of CNT as a field
emitter material deposited over a cathode electrode and an electron extraction grid that is
made from tungsten wires woven in a mesh with a physical opening of 75%. The diameter
of this tungsten wire is 100 µm [43]. The cathode and the grid are assembled in a metal
body. The source body is electrically at the same potential as the electron extraction grid.
The circular emitter area of this cathode has a diameter of ∼ 3.6 mm.
Our measurement of the beam diameter from this electron source in a triode setup
was around 6 mm at the anode with the following configuration: an extracting voltage of
800 V , an anode voltage of 2 kV , and the distance between the anode and the CNT source
2Schematic shows an x-ray beam shooting downward, but in reality the focal spot of x-ray generation in
a transmission type anode generates x-rays in all directions with a slight bias along the electron beam axis.
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Figure 2.13. Schematic sectional isometric view of the first-generation prototype compact
x-ray tube2.
Figure 2.14. Photograph of the CNT-based electron source used for first-generation proto-
type. The CNT-based electron source acquired from HeatWave Labs, Inc.
of 5 mm (Figure 2.15 on page 33). This measurement was done using an anode electrode
made from ITO (indium tin oxide ) deposited glass that was coated with a P-47 phosphor
33
powder scintillator (Y2Si2O5 doped with Ce+3). This measurement implied that the output
electron beam is divergent and an additional focusing is required to reach a FSS ≤ 1 mm if
this electron source is to be used in our device.
2.4.2. Transmission Type Anode. For the first-generation prototype, the transmis-
sion type anode was chosen with tungsten as a target material and aluminum as an anode
electrode. When an high energy electron beam hits the target material, the beam spreads
inside the target as the individual electrons undergo multiple interactions. The spread is
about 1µm and 10µm for 30 keV and 100 keV electrons (Figure 2.16 on page 34) [3, 38].
Previously conducted Monte Carlo simulations showed that, the optimum tungsten target
thicknesses of 0.625µm and 4.5µm are required to yield the maximum bremsstrahlung
Figure 2.15. Measurement of a electron beam diameter for the CNT-based electron source.
Photograph of a scintillator screen visualizing the electron beam from the CNT-based
electron source used for the first-generation prototype compact x-ray tube (Measurement
setup: ITO coated glass electrode deposited with a P-47 phosphor powder scintillator as an
anode placed at ∼ 5 mm away from the CNT source body, extraction voltage of 800 V , and
anode voltage 2 kV ).
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Figure 2.16. Electron interactions in a tungsten target. Simulated electron interactions and
their paths in a tungsten target (for an electron beam of 100 keV ) [3].
x-ray output intensities for electron energies of 30 keV and 100 keV , respectively [38].
Aluminum sheet of thickness 500 µm was selected as an anode electrode/substrate. Using
SpekCalc3, we confirmed that the low energy photons were filtered.
Therefore, for testing the first-generation prototype at 30 keV , the transmission type
anode consisted of tungsten thin film of thickness ∼ 0.5 µm sputtered4 over an aluminum
6061 electrode of 500 µm thickness.
2.4.3. Electrostatic Focusing Lens. As discussed earlier in Section 2.3.2, electro-
static lenses were chosen as the electron focusing mechanism for our design of a compact
x-ray tube. A major part of the design of first-generation prototype was dedicated to under-
standing control parameters of an electrostatic lens in an x-ray tube setting and to design an
electrostatic lens for developing the prototype.
3SpekCalc is a program to calculate photon spectra from a tungsten anode x-ray tube [39]. The graphical
user interface for SpekCalc allows the user to change the filter materials and thicknesses to study the photon
spectra.
4The sputtering was done by Materials Research Center at Missouri S&T.
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Simulation study is useful to find the governing design parameters of an electrostatic
lens and to characterize performance of the lens. Previously, several groups have reported
simulation results concerning to their beam focusing and their x-ray device characteristics
[26, 27, 34, 35, 44, 45, 46]. But to the best of my knowledge, simulation studies comparing
more than one lens types and studying lens parameters and lens location with respect to
a range of anode voltages have not been published. A simulation study was conducted
to compare electrostatic aperture type lens and Einzel lens, and to identify the parameters
that most affect the electron focusing in a compact x-ray tube. The next section—PIC
Simulations of Electron Focusing—discusses the simulation study conducted and its results.
Based on the simulations, an electrostatic aperture lenswas fabricated and then tested
in the first-generation prototype compact x-ray tube. Section 4.2 of Section—Experimental
Studies of the First-Generation Prototype—describes the results about effects of lens po-
tential on focal spot size from the experimental study of the first-generation prototype.
2.4.4. Glass Tube. The primary components of the first-generation prototype were
designed to fit in a borosilicate glass tube with a custom Kovar®5 high-voltage feedthrough.
The glass tube was ∼ 38 mm in diameter and ∼ 155 mm long. With CF (originally
called ConFlat) flanges, this tube could be attached to a vacuum chamber via Swagelok
valve and an ionization pressure gauge. The glass tube was able to hold the required
vacuum (∼ 10−8Torr) when actively pumped. The Kovar® feedthrough was able to handle
high-voltages up to 60 kV without arcing.
5Kovar is a nickel-cobalt ferrous alloy, which has the same thermal expansion coefficient as borosilicate
glass. Therefore, Kovar is popular in vacuum components to achieve a good vacuum seal. (Composition:
53% Fe, 29% Ni, and 17% Co.)
36
3. PIC SIMULATIONS OF ELECTRON FOCUSING
For cardiac CT application, a focal spot size (FSS) ≤ 1 mm is required to be
able to resolve small coronary arteries with calcified or noncalcified plaques of a human
heart [5]. The electron source used to build the first-generation prototype compact x-ray
tube (Section 2.4), provides a divergent electron beam and requires some sort of focusing
mechanism to achieve the desired FSS ≤ 1 mm. As described earlier in Section 2.3.2,
electrostatic lenses are a favorable choice for compact and fast applications of electron
focusing, such as a compact x-ray tube. The two types of electrostatic lenses that fit our
requirements are electrostatic aperture lens and Einzel lens (see Section 2.3.2). Based
on these two types, three cases of electrostatic lenses was compared for the use in the
first-generation prototype, as is discussed in further sections.
3.1. PARTICLE-IN-CELL TECHNIQUE
Dawson and Buneman introduced an approach of using many particles for plasma
simulations and field obtained from Gauss’s law in one dimension [47]. Development
of this approach for two and three dimensions required a mesh of cells for the collection
of charge and for solving the field equations [48]. This method of simulating plasmas
and charged particle beams is called particle-in-cell (PIC). Many researchers have since
then codified PIC, starting with Birdsall & Langdon and Hockney & Eastwood [49]. PIC
approach provides a detailed simulation of the relevant physics, but it is limited by short
time scales, making PIC a computationally expensive approach. On the other hand, the
same property, of being limited by short time scales, gives PIC an advantage to model
the dynamics of accelerated electrons. The presence of an elevated charge density causes
perturbation in an electron beam that can only be simulated by considering the presence
of all charges in the system, and PIC technique does so [30, 49]. Therefore, for high
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current applications, such as simulating electron field emission (FE) and electron beam
transport through an electrostatic focusing lens, it is better to use PIC technique. XOOPIC
(X11-based object-oriented particle-in-cell) code started the effort to apply object-oriented
techniques in PIC simulation codes [48]. A commercially available two-dimensional PIC
simulator built on XOOPIC kernel—OOPIC PRO —was used to simulate the following
in the present simulation study: field emission from CNT-based electron source, electron
beam transport, and the effects of electric fields from an anode and a focusing lens on the
electron trajectories [50].
3.2. SIMULATION MODEL
OOPIC PRO uses macro-particles to simulate charged particles, such as and not
limited to electrons. Use of macro-particles minimizes the computational time. Each
macro-particle is the sum of, up to 106, individual particles. The advancement of each
macro-particle in space with respect to the time is calculated by a leapfrog algorithm
[49, 51]. OOPIC PRO treats the third dimension of each cell as 1 m for calculations of 3D
quantities.
In an OOPIC PRO model, the electric field and electron trajectories were simulated
under an “electrostatic flag", where OOPIC PRO solver “uses a mesh with sufficient
resolution to account for small variations in the system" [50]. The time history plots of
RMS values for beam size and velocities were collected by using “rmsDianosticsFlag" for
electrons [49]. The time step for the simulation was computed to guarantee the Courant-
Lewly Criterion, such that particles will not jump more than one cell per time step [30, 50].
The parameter controlling the number of particles that each macro-particle represents was
set to 1 × 105 particles. “FowlerNordheimEmitter" emitter model was chosen to model the
electron field emission from a surface coated with CNTs, based on the Fowler-Nordheim
theory (Table 3.1) [28, 50]. A set of equipotential boundary surfaces were defined to model
the electrodes: cathode, electron extraction grid, electron source body, focusing lens, and
38





Phi_w_FN Work function (eV ) 5
Beta_FN Field enhancement 437 (Measured)
A_FN Coefficient “A" 1.5415 × 10−6
B_FN Coefficient “B" 6.83 × 109
C_v_FN Coefficient “Cv" 0
C_y_FN Coefficient “Cy" 3.79 × 10−5
anode. On the other hand, the walls of the device were modeled as dielectric boundary
surfaces. The smallest dimension in the physical device is the diameter of the tungsten wire
(φ 100 µm) that makes the extraction grid [43]. The geometric scale for the simulation
model was set such that one cell of the x-y phase space represented the said tungsten wire
(cell size: 100 µm × 100 µm)1.
3.3. MULTIVARIABLE SIMULATION STUDY
Using OOPIC PRO code, I studied the effects of multiple variables—which defined
the geometric and electrical parameters of an electrostatic lens and the lens location—on
the FSS as a multivariable simulation study. The multiple variables that were studied
include lens aperture, thickness, lens to lens distance for the cases when multiple electrodes
form one lens package, and lens potential. Along with these variables, the cathode to lens
distance was also considered as a variable to study the effect of lens location on the FSS2.
The range of values selected for each of these variables during the simulation study were
decided based on the maximum number of cells allowed by OOPIC PRO [50].
1The cross-section of the tungsten wire is circular, but OOPIC PRO cell is square shaped.
2Although, the anode to lens distance is one of the parameters that defines the location of the lens and it
affects the focal length, I did not consider this parameter as a variable to be studied; because this distance is
one of the prominent factors that decides the probability of electrical breakdowns. In the research continuum
for the development of a compact x-ray tube, we will study the high-voltage breakdowns in our device in the
future, which will determine optimum values for this distance. Therefore, I estimated reasonable values of
anode to lens distances and used them for the simulation study (described in Section3.3.1).
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3.3.1. Energy Groups Based on Anode Voltages. Anode voltage plays an im-
portant role in shaping the electric fields in a triode structure. Therefore, the previously
stated multiple variables were studied for a range of anode voltages (kV ps), from 30 kV p to
140 kV p with an increment of 10 kV p, to cover the range of ande voltages commonly used
in medical imaging [3]. During the pilot simulations I found that, it was impossible to attain
a FSS ≤ 1 mm for the whole range of anode voltages just by using the lens potential as a
control, if the geometrical parameters and the location of the lens were not changed. There-
fore, I divided the total kV p range into three groups, viz. low energy (30 kV p − 60 kV p),
medium energy (70 kV p − 100 kV p), and high energy (110 kV p − 140 kV p). Within each
energy group, only the variable being studied was varied while keeping all other variables
constant.
The FSS depends on the focal length of the lens and the anode to lens distance, of
which the focal length depends on the size, shape, location of the lens, and its potential.
The anode to lens distance was kept constant within each energy group for all three cases.
For the scope of this simulation study, we chose the anode to lens distances to be 11 mm,
13.5 mm, and 16 mm for low, medium, and high energy groups, respectively, based on our
experience and literature on high-voltage vacuum insulation2 [24, 53, 54, 55].
3.3.2. Comparison of Electrostatic Lenses. The multivariable simulation study
was divided in three cases based on the kind of an electrostatic lens used for the simulation
model: Case I for Single lens, Case II for Double lens, and Case III for Einzel lens.
For Case I, a single lens of electrostatic aperture lens type was used for focusing the
electron beam to a FSS ≤ 1 mm (Figure 3.1a on page 40). I will refer to the lens in this case
as Single lens throughout this dissertation. The effects of lens aperture, thickness, cathode
to lens distance, and lens potential were studied for all three energy groups, as a part of



































Figure 3.1. Schematic simulation models for Single lens, Double lens, and Einzel lens (a,
b, and c respectively). Multiple variables studied in the simulation study are labeled: lens
aperture (A), lens thickness (T), cathode to lens distance (C), and lens to lens distance (L).
The possibility of using two lenses of electrostatic aperture lens type as one lens
package was studied in Case II (Figure 3.1b on page 40). Hereafter, this lens package
will be referred to as Double lens. In order to reduce the number of variables that can
affect the FSS, a configuration where both the lenses have the same geometric and electrical
parameters was selected for this simulation study. With this configuration of Double lens,
multiple variables—lens aperture, thickness, cathode to lens distance, lens to lens distance,
and lens potential—were separately studied for their effects on the FSS (Figure 3.1b on
page 40). This was repeated for all three energy groups.
In Case (III), I simulated electron focusing done by Einzel lens. Einzel lens consists
of a series of tube lenses with opposite polarities for neighboring electrodes [40, 41].
Einzel lens can have a number of configurations [42], but I chose a basic configuration to
simplify the model and to minimize the number of variables that can affect the electron
focusing. The model of Einzel lens with three electrodes was configured in the following
way (Figure 3.1c on page 40). The three electrodes were assumed to have the same aperture
size and thickness. Also, the distances between the three electrodes of Einzel lens were
kept equal to each other, throughout this study3. In terms of the electrical parameters, the
3The distance between each electrode of Einzel lens, henceforth referred to as lens to lens distance was
one of the variables that was studied in the multivariable study
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central electrode was kept at a higher potential and was treated as a variable to study, and
both the outer electrodes were modeled to be grounded. Hereafter, the potential of the
central electrode will be referred to as the lens potential for the case of Einzel lens. In Case
(III) simulations, the effects of lens potential, aperture, thickness, lens to lens distance, and
cathode to lens distance were studied for all three energy groups.
3.4. RESULTS & ANALYSES
In order to understand the effects of geometric and electrical parameters of the lens
and lens location on the focal spot size (FSS), a multivariable study was conducted. In
addition, this study was divided in three cases based on different kinds of electrostatic
lenses, to compare Single lens, Double lens, and Einzel lens. The results presented in this
section are organized in three columns: (from left to right) Case I for Single lens, Case II
for Double lens, and Case III for Einzel lens.
3.4.1. Lens Potential. In the multivariable study, I found that increasing the lens
potential initially decreased the FSS, followed by an increase in the FSS (Figure 3.2 on
page 42). This effect was observed for all three cases and for all three energy groups. Such
‘V’ shaped trend of relationship between the lens potential and the FSS can be explained
by understanding the effect of lens potential on focal length. By observing the electron
trajectories4 for each simulation, we saw that an increase in the lens potential led to increase
in the focal length. The focal length and the FSS are related to each other with the following
relationship: as the difference between focal length and the anode to lens distance decreases,
the FSS decreases. Therefore, as the focal length is increased from a value smaller than
the anode to lens distance, there is a decrease in the FSS; the FSS is the smallest when
the focal length is equal to the anode to lens distance; and if the focal length is increased
beyond the anode to lens distance, the FSS starts to increase. For Single lens and Einzel
lens, the results on the effects of lens potential on the FSS were in agreement with previous
4Electron trajectories are not presented in this dissertation because of their vastness.
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Figure 3.2. Effects of lens potential on FSS. Effects of lens potential on the FSS for (rows-
top to bottom) low, medium, and high energy groups for (columns- left to right) single lens,
double lens, and Einzel lens.
studies [26, 35, 46]. As I was unable to find any research conducted on using Double lens
for electron focusing in x-ray tubes, I was unable to check for agreement with other works.
Similar relationship was found between the lens aperture and the FSS as well, as is detailed
in Section 3.4.3.
3.4.2. Anode Voltage. The results discussing the effects of lens potential on the
FSS (Section 3.4.1) were obtained for the complete range of anode voltages (Section 3.3.1).
Therefore, the same results can be rearranged to understand the effects of anode voltage on
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Figure 3.3. Effects of anode voltage on FSS. Effects of anode voltage (kVp) on the FSS at
constant lens potentials for low, medium, and high energy groups for Single lens, Double
lens, and Einzel lens (a, b, and c respectively).
the FSS at constant lens potentials (Figure 3.3 on page 43). I observed that for a constant
lens potential when the anode voltage was increased, the FSS decreased initially and then
started increasing (Figure 3.3 on page 43). This relationship can be explained in a following
way: as the anode voltage increases, the focal length starts to decrease (from a value larger
than the anode to lens distance), this decrement causes a decrease in the FSS (because
FSS and difference between focal length and anode to lens distance have a direct variation
relationship); the FSS approaches to a minimum as the difference between the focal length
and the anode to lens distance approaches to zero; and as the focal length keeps decreasing
below the anode to lens distance, the FSS starts increasing. I found that, lens thickness,
lens to lens distance, and cathode to lens distance also affected the FSS with a similar
relationship (Sections 3.4.4 to 3.4.6).
3.4.3. Lens Aperture. The results hereafter are presented only for the representa-
tive kV p for each energy group, where the highest kV p in an energy group is defined to be
the representative kV p. (60 kV p, 100 kV p, and 140 kV p were representative kV ps for low
energy, medium energy, and high energy groups, respectively.)
As a part of geometric parameters, the effects of lens aperture on electron focusing
were studied. The results from this study showed that the FSS initially decreases and then
increases as lens aperture is increased in size. This relationship is similar to the observed
44


































































Figure 3.4. Effects of lens aperture on FSS. Effects of lens aperture on the FSS for
representative kV ps of low, medium, and high energy groups for Single lens, Double lens,
and Einzel lens (a, b, and c respectively).
while studying the effects of lens potential on the FSS, and can be explained in a similar
way (3.4.1). The focal length starts increasing when the lens aperture is increased, which is
reflected by the ‘V’ shaped trend in the relationship between the lens aperture and the FSS
(Figure 3.4 on page 44). This relationship was true for all three energy groups and all three
cases. However, the results indicate that, the selected range of lens apertures worked better
for Double lens than Single lens or Einzel lens (Figure 3.4b compared with Figures 3.4a
and 3.4c on page 44). Out of the variable studied in the multivariable simulation study, we
found the lens aperture to be the most effective in changing the FSS, as is described with
comparison in Section 3.4.7. For the case of Einzel lens, the direct variation found between
the lens aperture and the focal length and the ‘V’ shaped trend between the lens aperture
and the FSS are in agreement with the previously published literature [56].
3.4.4. Lens Thickness. The lens thickness as a variable that affects the FSS was
studied for Single lens, Double lens, and Einzel lens. The results of this study showed,
that the FSS decreased to a minimum and then started increasing as the lens thickness was
increased (Figure 3.5 on page 45). This ‘V’ shaped trend of relationship can be explained
in a similar way as was done for explaining the effect of anode voltage on the FSS in
Section 3.4.2. Increasing lens thickness leads to decrease in focal length. When the focal
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Figure 3.5. Effects of lens potential on FSS. Effects of lens thickness on the FSS for
representative kV ps of low, medium, and high energy groups for Single lens, Double lens,
and Einzel lens (a, b, and c respectively).
length decreases (from a value larger than anode to lens distance), it causes the FSS to start
reducing because the FSS is directly proportional to the difference between the focal length
and the anode to lens distance. The FSS reaches to the minimum when the focal length is
equal to the anode to lens distance. If the focal length is decreased further, the difference
between the focal length and the anode to lens distance starts increasing, which leads to
increasing the FSS. For the case of Einzel lens, the indirect variation found between lens
thickness and the focal length was in agreement with the previously published literature on
Einzel lens [56].
3.4.5. Lens to Lens Distance. Case II and III, individually, entail multiple elec-
trodes that form one lens package. For these cases, changing the lens to lens distance
changed the FSS (Figure 3.6 on page 46). For Case II, within the range of values studied,
increasing the lens to lens distance led to a decrease in the FSS. I also observed an inverse
variation between lens to lens distance and the focal length for Case II (Figure 3.6a on
page 46). But I was unable to find any discernible trends for Case III (Figure 3.6b on
page 46).
3.4.6. Lens Location. After studying the effects of lens potential, aperture, thick-
ness, and lens to lens distance, the effects of lens location were studied. This was done
by studying the effects of cathode to lens distance on the FSS while keeping the anode
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Figure 3.6. Effects of lens to lens distance on FSS. Effects of lens to lens distance on the
FSS for representative kV ps of low, medium, and high energy groups for Double lens and
Einzel lens (a and b respectively).
to lens distance constant. For all three energy groups and all three cases, I observed that
as the cathode to lens distance increased, the FSS decreased initially and then increased
(Figure 3.7 on page 47). For the case of Single lens, this set of results is in accordance with
the previously published literature on electrostatic aperture type lenses [26]. In addition, I
observed that cathode to lens distance was the least effective in changing the focal length for
Case III (Figure 3.7c on page 47), when compared with Case I (Figure 3.7a on page 47) and
Case II (Figure 3.7b on page 47). This difference in the degree of effectiveness of the lens
location can be traced back to the fact that Single lens and Double lens are different in their
working principles than that of Einzel lens. Single lens and Double lens are electrostatic
aperture type lenses and Einzel lens is a variant of an electrostatic immersion type lens
[40, 41].
3.4.7. Effectiveness of Variables. Each variable studied in the multivariable sim-
ulation study affected the FSS with a different degree of effectiveness. In order to quantify
the degrees of effectiveness for each variable, we measured the slopes of the two fitted
trend lines that form a ‘V’ shape in the relationship between that variable and the FSS (for
examples of the said ‘V’ shape, Figure 3.2 on page 42). A slope of the left arm of the ‘V’
and a slope of the right arm were measured for all three energy groups. The two mean
slopes—one for the left arm of the ‘V’ and one for the right arm—were measured over the
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Figure 3.7. Effects of lens location on FSS. Effects of cathode to lens distance on the FSS
with respect to the representative kV ps for low, medium, and high energy groups for Single
lens, Double lens, and Einzel lens (a, b, and c respectively).
three energy groups and the standard deviations associated with them were calculated. The
two mean slopes for each variable and each case were used to compare the effectiveness of
the lens potential, aperture, thickness, and cathode to lens distance in changing the FSS for
all three cases (Figure 3.8 on page 50)5.
We observed that the geometric parameters of the lens (lens aperture and thickness)
and lens location were more effective in changing the FSS than the lens potential (Figure 3.8
on page 50). Out of all the variables studied, the lens thickness was the most effective in
changing the FSS (Figure 3.8 on page 50). These observations were true for both categories
of the mean slopes: the slopes averaged over the three energy groups for the left side and
the right side of the ‘V’ shaped trend observed in the relationship between the variable and
the FSS (Figure 3.8a and Figure 3.8b respectively).
3.4.8. Lens Aberrations. In the absence of chromatic and spherical aberrations,
if a certain parameter is affecting the focal length (either with direct variation or inverse
variation) and the FSS is a measurand, one is to see a ‘V’ shaped trend between that lens
parameter and the FSS (for example, Figure 3.2 on page 42). I think, one starts observing
deviations in the FSS measurement because of the chromatic and spherical aberrations,
5Lens to lens distance was excluded for comparing the effectiveness, because it exists only for Double
lens and Einzel lens.
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and these deviations are reflected in the two lines that form the said ‘V’ shape. I used
the results of lens potential study (Section 3.4.1) to compare the lens in the three cases in
terms of aberrations, because the lens potential provided a fine control over the FSS. In
addition, there were no limits set by OOPIC PRO in selecting the range of values for the
lens potential6. In the multivariable simulation study, when we changed the lens potential
with the optimum geometrical parameters and lens location, we observed the least amount
of aberrations for Case III (Figures 3.2c, 3.2f, and 3.2i on page 42) in comparison with
Case I and Case II. This observation of Einzel lens having reduced aberrations agrees with
previously published literature on Einzel lens [40, 42].
3.5. DISCUSSION
OOPIC PRO, a two-dimensional (2D) particle-in-cell (PIC) code, was used to
simulate the electron field emission (FE) and electron trajectories in the first-generation
prototype of a compact x-ray tube in order to design an electron focusing lens to achieve
≤ 1 mm focal spot size (FSS). Three cases based on the type of electrostatic focusing lenses
(Single lens, Double lens, and Einzel lens) were compared during the simulation study, over
a range of peak voltages from 30 kV p to 140 kV p that was divided in three energy groups
(Low, Medium, and High energy). Effects of the geometric and electrical parameters of
the lens— lens aperture, thickness, lens to lens distance, and lens potential —and the lens
location were studied in a multivariable study for all three cases and for all three energy
groups.
I found that changing the geometric and electrical parameters of the lens and the
lens location changes the focal length of the lens, which in turn changes the FSS, at different
rates for different kV ps and at different rates for different electrostatic lenses. The results
6The ranges of values for lens aperture, thickness, lens to lens distance, and lens location were limited by
the maximum number of cells allowed by OOPIC PRO
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presented showed that our design of the first-generation prototype can achieve a FSS ≤ 1mm
for all three energy groups if Einzel lens is used. In addition, Einzel lens showed the least
amount of aberrations in the three cases of the simulation study.
Based on the results of multivariable study, I drew the following conclusions about
the relationship between the selected variables and the focal length for all three cases: the
focal length increases when lens potential and/or lens aperture is increased; and the focal
length decreases when lens thickness, cathode to lens distance, and/or anode voltage is
increased. For our device, the change in the FSS with respect to a change in the focal length
depends on the anode to lens distance: as the difference between the focal length and the
anode to lens distance is increased, the FSS increases, as was expected.
The degrees by which each of the lens parameters and lens location affect the focal
length are different. Geometric parameters of the lens and the lens location have a stronger
effect than lens potential on the FSS. Therefore, for our device, we can use geometric
parameters and the location of the lens as a coarse control over the FSS, on the other hand,
the lens potential can be used as a fine control. We can optimize the geometrical parameters
and the location of the lens for each energy group, and achieve the desired FSS by changing
the lens potential for any anode voltage within that energy group.
The multivariable study showed the effects of geometric and electrical parameters
and location of electrostatic lens on electron focusing (with FSS as a measurand) for a range
of anode voltages. The study also compared the performances of Single lens, Double lens,
and Einzel lens.
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Figure 3.8. Comparison of the degrees of effectiveness of the lens potential, aperture,
thickness, and cathode to lens distance in changing the FSS for Single lens, Double lens,
and Einzel lens. Effectiveness of each lens parameter measured in terms of two slopes
averaged over all three energies: one mean slope for left arm of the ‘V’ shaped trend found
in a relationship between the lens parameter and the FSS, and one for the right arm (a and
b respectively).
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4. EXPERIMENTAL STUDIES OF THE FIRST-GENERATION PROTOTYPE
The primary components of the first-generation prototype compact x-ray tube are
discussed in Section 2.4. In this section, I discuss the initial studies conducted on the
first-generation prototype to understand its performance and control parameters. Electron
emission characteristics were measured for the FE-based electron source used in the proto-
type. The electron source was also tested for high-frequency operations. The x-ray energy
spectra from the transmission type anode of the prototype was measured at different anode
voltages and was compared with a calculated energy spectrum from reflection type anode
of a conventional x-ray source. The focal spot size (FSS) of x-ray generation from the
first-generation prototype was measured and studied at different focusing lens potentials.
4.1. EXPERIMENTAL SETUP
A CNT Triode Cathode (ATC-CC series) acquired from HeatWave, Inc. was used
for this prototype (see Section 2.4) [43]. The transmission type anode for this prototype
involves a thin tungsten film (∼ 500 nm) deposited over a 500 µm thick aluminum substrate.
Only Single lens of electrostatic aperture lens type was studied instead of studying three
cases of electrostatic lenses (as done in the simulation part of this work), because Single lens
was easy to fabricate. A single electrode of an electrostatic aperture type lens (Single lens)
was placed between the cathode and the anode to focus the electron beam to a focal spot size
(FSS) ≤ 1 mm at the anode. The Single lens was made of copper with a thickness of 1 mm
and an aperture of 10 mm. These geometrical parameters of the lens and the location of
the lens (cathode to lens distance ∼ 23 mm) were selected based on a previously conducted
particle-in-cell (PIC) simulation study (see Section 3.4 for results of the simulations and
Figure 4.1 on page 52 for geometry).
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Figure 4.1. Schematic sectional isotropic view of a setup of first-generation prototype
configured for a vacuum chamber.
4.1.1. Vacuum System. During the experimentation, I had to load and unload the
components of the prototype frequently. A 12" spherical vacuum chamber with a load lock
door provides an easy accessibility for a frequent loading and unloading, when compared
with a compact borosilicate glass tube (diameter 3.5 cm, discussed in Section 2.4.4).
Therefore, the components of the first-generation prototype were assembled inside a 304
stainless steel vacuum chamber that was spherical in shape (diameter 12") with a fast-entry
access load lock (8") (Figure 4.2 on page 53).
This vacuum chamber has multiple ports, all of which were sealed by adding auxil-
iary components such as ionization pressure gauge. Copper gaskets were used to have better
quality of seal. A rotary vane mechanical was used as a roughing pump to bring the system
pressure to ∼ 10−3 Torr . After this base pressure was reached, a 280 lit/s turbo pump
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Figure 4.2. High vacuum system for testing the first-generation prototype.
was used to take the vacuum system pressure down to 10−7 to 10−9 Torr . The vacuum
chamber was actively pumped in order to maintain a pressure in a range of ∼ 10−8 Torr
during experimentation. Each electrode was mounted on custom jigs that were made of
either Alumina or Teflon (Figure 4.1 on page 52).
4.1.2. Electrical Systems. Three separate DC power supplies and feedthroughs
provided the electrical potentials required for each electrode—electron extraction grid,
focusing lens, and anode —during the testing (Figure 4.3 on page 54 and Figure 4.4 on
page 55). The cathode was grounded via: a separate feedthrough, a load resistor of 100 kΩ,
and a Fluke 289 RMS digital multimeter (DMM).
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Figure 4.3. High voltage power supplies used for testing the first-generation prototype.
The electron extraction grid of the electron source can be used as a switch to get
either a constant current or a pulsed current electron beam. (That is the electron source
can be operated in a constant current mode or a pulsed current mode.) To be able to
do so, a custom pulse generator module was built under the guidance of Electromagnetic
Compatibility Laboratory of Missouri S&T. This module uses two high-voltage MOSFET
switches in push-pull configuration (Figure 4.5a on page 56). The primary MOSFET is
driven by driver that is bootstrapped to the output line. A function generator generated the
required square pulse for triggering (this was the control for controlling the frequency and
the duty cycle of the output pulse from the pulse generator module). The function generator
output was sent through a logic circuit based on NAND gates to get two triggering pulses,
with a ∼ 10 µsec delay, for the two MOSFET drivers (Figure 4.5b on page 56). The delay
was added to avoid both MOSFET turning on at the same time. The pulse generator module
was able to convert ∼ 1500 V constant voltage to a pulsed output of 0 V to ∼ 1500 V pulse
of (up to) 500 kHz and (up to) 50% duty cycle.
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Figure 4.4. Circuit diagram for operating the first-generation prototype.
When the electron source was operated in a constant current mode, the DMM
connected between the cathode and the groundmeasured the total electron emission current.
When the electron source was operated in a pulsed current mode, an oscilloscope was used
to measure the total emission current, by measuring the voltage drop across the load resistor
(100 kΩ) with respect to time (Oscilloscope model: Tektronix DPO-3032) (Figure 4.4 on
page 55).
4.1.3. Radiation Measurement. A HPGe detector (Ortec GLP series detector)
coupled with a Canberra LYNX system was used to measure the x-ray energy spectra and to




Figure 4.5. House built high-voltage pulse generator module with the help of Electromag-
netic Compatibility Laboratory at Missouri S&T. (a) A bootstrapped two MOSFET based
push-pull type pulse generator circuit. (b) Logic circuit based on NAND gates to add a
delay between the push and pull MOSFETs.
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an end cap with a beryllium window of thickness 0.127mm to be able to detect low energy
photons. To minimize counts from scattered photons a collimator made from 1 mm thick
lead sheet was mounted on the detector. The collimator aperture was ∼ 2 mm in diameter
(distance between berylliumwindow and collimator aperture was∼ 5mm). Cadmium−109
checkered source with 0.1 µCi activity (calibrated in Feb 2013) was used to calibrate the
detection and spectroscopy system (Cd109 x-ray emission energies: 22 keV , 25 keV , and
88 keV ).
For measuring the focal spot size (FSS), a cropped piece of a scintillation-based
x-ray intensifying screen (LANEX Regular screen from Kodak) was attached to the back
of the transmission type anode (x-ray filter side) and a photograph of its scintillation was
taken. Kapton tape was used to attach the screen to the anode, which caused a gap of around
300 µm to 700 µm between them. With this setup, the x-rays generated at the tungsten
target get filtered by the aluminum electrode, and then they deposit their energy, partially, in
the screen for the screen to scintillate. Then a DSLR camera (Canon Rebel T2i) was used
to capture the brightness of this glow, which represented the focal spot for x-ray generation.
Then each image was analyzed to measure the FSS.
4.2. RESULTS & ANALYSES
The results from the experimental study are listed in the following subsections.
4.2.1. Electron Emission Current. A current-voltage (I-V) characteristic was
measured for the CNT-based electron source used in the first-generation prototype compact
x-ray tube (Figure 4.6 on page 58). The measured I-V characteristic reflects the expo-
nential character expected from electron field emission based on Fowler-Nordheim theory
[43, 44, 52]. For this measurement the cathode was grounded, the anode was at 5 kV with
cathode to anode distance of 15 mm, and the voltage applied to electron extraction grid was
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Figure 4.6. Current-voltage (I-V) characteristic for the CNT-based FE electron source used
for the first-generation prototype compact x-ray tube. (Anode voltage= 5 kV ; current pulse
frequency= 1 Hz; current pulse duty cycle= 50%; cathode to anode distance= 15 mm.)
varied. During this measurement the electron beam was kept defocussed, by not adding the
focusing lens, in order to minimize the mitigation of anode target from overheating. The
electron source was operated in a pulsed mode (1 Hz frequency with a duty cycle of 50%).
4.2.2. X-ray Spectra. The x-ray energy spectra from a transmission type anode
used in the first-generation prototype were measured at anode voltages of 30, 32, 34, and
36 kV (Figure 4.7a on page 59). These measurements were done at following conditions: an
electron extraction voltage of 1000 V , focusing lens potential of 2400 V , anode to detector
distance of ∼ 300 mm, and counting time of 30 seconds. The electron source was operated
in a constant current mode. The results showed that as the anode voltage was changed, the
maximum x-ray energy, average x-ray energy, and total x-ray intensity changed, as expected
based on previously reported simulations [38].
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Figure 4.7. X-ray energy spectra from transmission type anode of the first-generation proto-
type and its comparison with a spectrum from reflection type anode. X-ray energy spectra
from a transmission type anode (600 nm thick tungsten target deposited on 500 µm thick
aluminum filter) of the first-generation compact x-ray tube (electron extraction voltage=
1000 V ; lens potential= 2400 V ; cathode to lens distance= 23 mm; anode to lens distance=
11 mm; anode to detector distance= ∼ 300 mm; and counting time= 30 seconds). (a)
Spectra acquired for anode voltages of 30, 32, 34, and 36 kV . (b) Comparison of an ex-
perimentally measured photon spectrum from the first-generation prototype with a photon
spectrum of a conventional x-ray source calculated using SpekCalc for 30 kV p (SpekCalc
parameter for aluminum filtration: 0.5 mm).
60
For the same anode voltage and filtration, when the measured x-ray spectrum from
a transmission type anode and an x-ray spectrum calculated using SpekCalc for a reflective
type anode were compared, the shapes of the two spectra were in agreement with each other
(Figure 4.7b on page 59). The maximum x-ray energies and the average x-ray energies
for both spectra matched with each other. The measured x-ray intensity was 4.8% lower
than the calculated x-ray intensity. This difference can be explained by energy lost because
of Compton scattering within the anode itself and the ∼ 1.5 mm thick borosilicate glass
window of the load lock door. Onemore difference between themeasured and the calculated
spectra was seen at lower energies (∼ 9 keV to ∼ 18 keV in Figure 4.7b on page 59). This
difference is associated to the buildup from the scattered photons. In the measured spectra,
I saw scattered photons, I think, mainly from aluminum substrate of the transmission type
anode and the glass window of the load lock door.
4.2.3. X-ray Focal Spot Size. For the first-generation prototype, an electrostatic
aperture lens was used to focus the electron beam to a focal spot size (FSS) ≤ 1 mm
at the target. Having a transmission type anode allowed us to use a scintillation based
x-ray intensifying screen (LANEX Regular screen from Kodak) to measure the FSS. The
measurement was done by attaching the screen to the back of the anode, then taking a
photograph of the scintillation from the screen and calculating the FSS by image processing
(For example, Figure 4.8 on page 61).
The FSS was measured at different lens potentials to validate the results from the
simulation study and to determine optimum lens potential to achieve a FSS ≤ 1 mm
(Figure 4.9 on page 62). The results from this study showed that as the lens potential
is increased the FSS decreases at first to reach the lowest possible value for the given
geometric configuration, and then it starts increasing. This type of ‘V’ trend occurs because
increasing the lens potential increases the focal length. The change in a focal length results
in a change in the FSS, because the FSS is directly proportional to the difference between




















Figure 4.8. A 3D plot of an example FSS. (FSS= 1.22 ± 0.28 mm, measured as full-width
at 90% of the maximum , anode voltage= 25 kV , electron extraction voltage= 1000 V , lens
voltage= 2100 V , cathode to lens distance= 23 mm, anode to lens distance= 11 mm, camera
shutter speed= 10 sec, camera ISO= 400, and camera aperture= f /5.7.)
the focal length increases; as a result, the FSS decreases to a minimum (when the focal
length is equal to the anode to lens distance); and then the FSS starts increasing again. This
relationship is in agreement with the results of the simulation study (Figure 3.2a on page 42)
and with previously published literature [26, 35, 46].
4.3. DISCUSSION
The first-generation prototype compact x-ray tube was studied for its performance
and its control parameters. The current-voltage characteristic for the CNT-based electron
source used in the first-generation prototype were measured. The x-ray energy spectra from
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Figure 4.9. Effect of lens voltage (V) on themeasured FSS. (Anode voltage= 25 kV , electron
extraction voltage= 1000 V , cathode to lens distance= 23 mm, and anode to lens distance=
11 mm.)
transmission type anode of the first-generation prototype were measured at different anode
voltages and were compared with x-ray energy spectra from a conventional reflection type
anode. Focal spot sizes for x-ray generation from the prototype were measured for different
lens potentials.
The results from the experimental study showed that the CNT-based electron source
follows Fowler-Nordheim model; the x-ray energy spectra and intensity from the first-
generation prototype are similar to that of reflection type anode; and a 1.22 ±0.28 mm focal
spot size of x-ray generation was observed. The study also showed that, the output of the
first-generation prototype can be controlled by its control parameters: the electron emission
current can be controlled and turned on and off by controlling the potential of an electron
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extraction grid; the maximum and average x-ray energy generated can be controlled by
controlling the anode voltage; and the focal spot size of x-ray generation can be controlled




A compact x-ray tube comprising CNT-based electron source and a transmission
type anode is being developed to be used in stationary CT architecture. A particle-in-
cell simulation study was conducted to design an electrostatic lens for the first-generation
prototype compact x-ray tube and identify the governing parameters thatmost affect the focal
spot size for the prototype. The first-generation prototypewas developed and experimentally
studied to characterize its performance and verify its control parameters.
The simulation study showed that using an electrostatic lens (Einzel lens), a focal
spot size ≤ 1 mm can be achieved for anode voltages from 30 kV p to 140 kV p. Lens
aperture, thickness, lens to lens distance (for the cases in which multiple electrodes form
one lens package), lens potential, and lens location the focal spot size of x-ray generation
can be manipulated. Lens aperture, thickness, and lens location have a coarser control on
the focal spot size, on the other hand, lens potential has a fine control on the focal spot
size. The simulation study also showed that Einzel lens has the least amount of aberrations
compared to the other lenses that were studied.
The first-generation prototype compact x-ray tube successfully generated x-rays.
The x-ray spectra yielded from the transmission type anode of the prototype were similar in
shape to the x-ray spectra from a conventional reflection type anode, with 4.8% loss in x-ray
intensity. This loss can be accounted for by attenuation from the components of the vacuum
system. The x-ray intensity, maximum and average x-ray energy, and focal spot size of the
first-generation prototype were controlled successfully using extraction grid voltage, anode
voltage, and lens voltage, respectively.
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In this early stage work conducted toward the development of a compact x-ray tube
to be used for a stationary CT architecture, I was able to prove the working hypothesis of
using a field emission based cold cathode, a transmission type anode, and an electrostatic
lens to generate x-rays and be able to compact the x-ray source. In addition, this work has
set the ground work to further develop and optimize the design of a compact x-ray tube
for stationary CT architecture. Based on this work, our research group seeks to develop a
stationary CT system for real-time cardiac CT application in the future.
5.2. IN THE FUTURE
The next immediate step in the continuum of research toward the development of
a compact x-ray tube is thermal analysis of the anode. When an electron beam strikes
the target, ∼ 99% of the electron energy is converted to heat and only ∼ 1% yields to
bremsstrahlung x-ray spectrum. Our initial studies have shown that, we can do cardiac CT
for small animals with a transmission type anode (80 kV p and 10 mA), but we will need
to either develop a way to cool the anode and avoid melting the target, if we were to go
beyond small-animal CT. We are also looking at the possibility of going back to reflection
type anode. A comparison study of transmission type anode and reflection type anode will
be conducted in near future.
Another issue, that needs attention in the development of a compact x-ray tube is of
high-voltage breakdowns. During the experimental study, I observed numerous breakdowns.
Multiple times, they were harmful for the electrodes in the system, especially the CNT-
cathode. After years of use and multiple high-voltage breakdowns, the CNT-source which
was used in this study has undergone severe (visible) damage. Almost 30% of the emitter
area has lost CNTs deposited from these breakdowns. Therefore, a high-voltage breakdown
study for such a compact x-ray tube is paramount.
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After developing a working and satisfactory prototype of a compact x-ray tube, our
research group plans to validate the stationary CT concept. During the development of a
stationaryCT system, someof the challenges thatwewill encounter are: increased penumbra
for detector pixels that are offset to the x-ray source, thermal issues of anode, space-
charge limitation at high current operations, high-voltage breakdowns, CT reconstruction
from limited number of projections, scattered photons (anti-scatter grid cannot be used in
stationary CT system), maintaining vacuum, and individual addressing and pulsed operation
of x-ray sources, etc.
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